Abstract: A 3-D chirped high-contrast grating hollow-core waveguide (HCG-HW) exhibits highly efficient 2-D (transverse and lateral) light confinement. Compared with step-index ones, laterally chirped HCG-HWs (graded index) can pronouncedly reduce the propagation loss ð9 10ÂÞ without compromising the lateral index contrast. Simulation results show that a propagation loss as low as 0.04 dB/cm can be achieved. For a chirped HCG-HW with a 6-m core height, it exhibits 30-and 141-nm spectral widths for 0.1-and 1-dB/cm loss requirements. The chirped HCG-HW also shows an ultralow nonlinear coefficient, which is on the order of 10 À5 =W/m.
Introduction
Hollow-core waveguides (HWs), which guide light in a low-index air core, show promise for achieving low propagation loss, small chromatic dispersion, and negligibly low nonlinearity [1] - [3] . All these features are quite significant for applications that require small distortion, such as true time delay [4] and high-power ultrashort pulse delivery [5] . Moreover, HWs provide the possibility to fill different gaseous or liquid materials into the hollow core and potentially open up a host of applications, such as nonlinear optics, sensing, quantum optics, and biophotonics [6] - [13] .
With the advance of integrated optics, it is highly desirable to make the waveguide element compact and even realize on-chip integration. During the past decade, integrated HWs have been demonstrated using Bragg and antiresonant Fabry-Pé rot reflectors [14] - [18] . However, the loss of on-chip hollow-core Bragg and antiresonant reflecting optical waveguides has remained high. Moreover, multiple-layer deposition tends to complicate the fabrication process. Recently published works have shown that the ultrahigh reflectivity of high-contrast gratings (HCGs) can be used to enable low-loss waveguiding and achieve unique dispersion properties and ultralow nonlinearity in 2-D waveguides [19] , [20] . Moreover, the HCG-HWs tend to require fewer process steps than the others and, thus, facilitate the fabrication [21] .
A 3-D HCG-HW can be formed by bonding two HCGs [21] , [22] . Due to high reflectivity, the two HCGs can confine the light in the transverse direction. In order to confine light laterally, Bcore[ and Bcladding[ regions have to be created by changing grating parameters, which gives rise to an Beffective[ index difference. This lateral confinement might not be perfect and induce unwanted losses. A laudable goal would be to find a structural design that reduces the losses due to nonperfect lateral confinement.
In this paper, we propose and simulate the use of chirped gratings between the core and cladding regions in order to lower the propagation loss in the 3-D HCG-HW. Similar to a graded-index configuration [23] , the adiabatically chirped gratings can significantly reduce the interruptive effective index mismatch induced leakage through the interface between the core and cladding without compromising the lateral index contrast [24] . As a result, a 9 10Â reduction in loss can be achieved, dropping the loss from 1.62 to 0.13 dB/cm after introducing the chirped gratings for a waveguide with a $10-m core width and 5-m core height. Using a wider core width ð$ 23 mÞ and optimized core height ð$ 6 mÞ, the propagation loss can be further reduced to 0.04 dB/cm. The chirped HCG-HW with a 6-m core height also exhibits a 30-and 141-nm bandwidth for G 0.1-and G 1-dB/cm propagation loss, respectively. Moreover, it can potentially achieve a very low nonlinearity ð$10 À5 =W/mÞ.
Waveguide Structure and Mode Property
The schematic of a 3-D HCG-HW is depicted in Fig. 1(a) , in which light propagates in the z-direction (parallel to the grating bars). It is formed by two parallel silicon-on-insulator wafers. Each wafer has a 340-nm Si layer, a 2-m SiO 2 space layer on a Si substrate. The waveguide width ðW Þ and core height ðDÞ are 100 and 5 m, respectively. There are three grating parameters that are highly related with the grating reflectivity: period ðÃÞ, air gap ða g Þ, and thickness ðt g Þ. The refractive indices of silicon and silica are obtained according to the Sellmeier equation in our model [25] . At 1550 nm, they are 3.478 and 1.444, respectively. Commercial software, GSolver 4.2, based on rigorous coupled-wave analysis (RCWA) [26] , is used to calculate the HCG reflectivity and design grating parameters. The gratings on the two wafers can provide light confinement in the y -direction. In order to confine light in the x -direction, we choose two different sets of grating parameters for the core and cladding regions to form a lateral effective index difference. The grating parameters BÃ ¼ 1170 nm, a g ¼ 450 nm[ and BÃ ¼ 1080 nm, a g ¼ 410 nm[ for the core and cladding regions are chosen to achieve high reflectivity and large effective refractive index difference simultaneously. The grating thickness in all simulations is 340 nm. With the above grating parameters, there is a 7:6 Â 10 À4 effective refractive index difference between the core and cladding regions for a HCG-HW with a 5-m core height. The gratings are designed to achieve high reflectivity for the fundamental transverse electric (TE) mode (i.e., x -polarized). With grating parameter optimization, HCG-HW can achieve similar performance for the fundamental mode in the transverse magnetic (TM) polarization and also for the case that light propagates perpendicularly to the grating bars. By properly controlling the launching condition, the fundamental mode can be effectively excited [22] . N core and N chirp are the number of grating periods in the middle core region and the number of grating periods in the chirped region at one side. As a result, the number of grating periods in the effective core region N eff core equals the sum of N core and N chirp . In the simulation, the nonlinear refractive indices n 2 are 4:5 Â 10 À18 and 2:6 Â 10 À20 m 2 =W, for silicon and silica, respectively [27] , [28] . Using a full-vectorial finite-element method (FEM), with perfectly matched layer on the boundaries, we obtain the electromagnetic field of the TE mode and its propagation loss, while the nonlinear coefficient is computed using a fullvectorial equation [29] . From Fig. 1(b) , we can see that the TE field is well confined within the air core region.
The unique light confinement mechanism of HCG-HW also provides novel waveguiding characteristics. Fig. 2(a) shows the TE field (power norm) distributions at different wavelength in the chirped HCG-HW. Typically, the mode field increases with wavelength in regular waveguide, while it decreases in the HCG-HW. This unique property is attributed to the wavelength dependence of the effective refractive index difference between the core and cladding regions. We investigate the effective refractive indices of the modes in the slab waveguides (light confinement only in the y -direction), which are formed by uniform gratings as the core region (Ã ¼ 1170 nm, a g ¼ 450 nm) or the cladding region (Ã ¼ 1080 nm, a g ¼ 410 nm). As shown in Fig. 2(b) , the effective index difference between the core and cladding regions increases from 3:1 Â 10 À4 to 2:2 Â 10 À3 as wavelength increases from 1450 to 1600 nm. Consequently, the mode is confined tighter, and thus, the effective mode area of the TE mode decreases from 117.8 to 61.9 m 2 .
Chirped Grating and Effect on Propagation Loss
The chirping profile of the grating is a key parameter to optimize for achieving desired features. Here, we investigate different parabolic chirping profiles, as shown in Fig. 3(a) , for lowering the propagation loss according to
where Ã core , Ã clad , and ÃðnÞ are the periods of the grating in the core region, the grating in the cladding region, and the nth grating in the chirped region, respectively. N denotes the number of the IEEE Photonics Journal Three-Dimensional Chirped HCG-HW grating period in the chirped region, while k is the chirp rate in the parabolic function. As the green dot line shown in Fig. 3(a) , a linear profile has a chirp rate k ¼ 1. Fig. 3(b) shows the effect of chirp rate on propagation loss of HCG-HW with N eff core ¼ 15. For small N chirp , a smooth chirp profile ðk % 0:8Þ gives the lowest loss. For the case with enough chirped gratings, a chirp rate k % 1 gives the lowest loss. As k ¼ 1 brings relatively low loss for most cases, we use linearly chirped HCG-HW for the following study. Fig. 4 shows the propagation loss at 1550 nm as a function of N chirp for different N eff core . Here, N chirp ¼ 0 stands for no chirped gratings between the core and the cladding (step-index case). The HCG-HW with a larger core width has smaller loss as the evanescent field decreases exponentially toward the waveguide edge and gives reduced field intensity at the interface between the core and cladding. FEM simulation shows that the field leakage through the interface can be significantly reduced by introducing chirped gratings. For a HCG-HW with N eff core ¼ 9, the loss can be reduced by $12Â from 1.62 to 0.13 dB/cm after introducing the six linearly chirped gratings at both sides of the core region.
To take advantage of the inherent broad bandwidth in the optical domain, broadening the lowloss wavelength range for an on-chip element is of great importance. The propagation loss as a function of wavelength for the 3-D chirped HCG-HW with a 5-m core height is shown in Fig. 5(a) . For this HCG-HW design, the minimal propagation loss is achieved between 1550 and 1560 nm. The wavelength location of low-loss window can be well controlled by choosing proper grating parameters [19] . As shown in the figure, increasing N chirp (larger core width) can reduce the propagation loss and broaden the low-loss spectral width simultaneously. The 3-D HCG-HW with 21 effective core grating periods ðN core ¼ 3; N chirp ¼ 18Þ exhibits a 20-nm spectral width from 1545 to 1565 nm for G 0.1-dB/cm propagation loss. As shown in Fig. 6 , chirping the gratings can pronouncedly increase the low-loss bandwidth, especially for small-core-width HCG-HW. For a 1-dB/cm loss requirement, the waveguide can operate over 104 nm.
If a microelectromechanical system (MEMS) actuator is added to change the HCG-HW core height, large tunability of waveguide properties can be potentially achieved [14] - [16] . The transverse leakage is inversely proportional to D 2 in 2-D HCG-HW [19] . Fig. 5(b) illustrates the impact of core height on the propagation loss of 3-D chirped HCG-HW. With the decrease in core height, the effective index difference between the core and cladding regions increases and causes a larger leakage through the interface. While for larger core height, the effective refractive index difference decreases, the lateral confinement is not strong enough, which results in a larger lateral leakage. Therefore, there is a tradeoff between the leakage through the interface and lateral leakage. The optimal core height for the lowest loss is between 5 and 6 m. For a HCG-HW ðN core ¼ 3; N chirp ¼ 18Þ with a 6-m core height, a propagation loss as low as 0.04 dB/cm can be achieved at 1550 nm. Simulation shows that the propagation loss can be further reduced for a wider core or a larger waveguide width. From Fig. 5 , we can see that introducing more chirped gratings can efficiently broaden the bandwidth and increase the core height tuning range for low-loss operation. To further explore the effect of chirped gratings, the contour plot of propagation loss for the HCG-HW as a function of wavelength and waveguide core height is shown in Fig. 7 . In the figure, we can see that chirping the grating between the core and cladding regions can efficiently broaden the low-loss window, which means it can simultaneously broaden the operation range for wavelength and waveguide core height. For a chirped HCG-HW ðN core ¼ 3; N chirp ¼ 18Þ with a 6-m core height, G 0.1-dB/cm loss can be maintained over a 30-nm spectral width. Moreover, one can achieve G 1-dB/cm loss over a 141-nm wavelength range from 1452 to 1593 nm. Furthermore, as shown in the dark blue region of Fig. 7(b) , G 0.1-dB/cm loss can be achieved with 2-m core height tuning over 20-nm bandwidth.
Chromatic Dispersion and Nonlinearity
In general, chromatic dispersion in the waveguide stems from material dispersion and waveguide dispersion. As light is efficiently confined within the air core region of the 3-D chirped HCG-HW, waveguide dispersion contributes mostly to the total chromatic dispersion. Fig. 8(a) shows the chromatic dispersion of the chirped HCG-HW ðD ¼ 5 m; N core ¼ 3Þ with different grating period number in the chirped region. We can see that increasing the number of the chirped gratings reduce not only the propagation loss but also the waveguide and total dispersion. At 1550 nm, the chromatic dispersion decreases from 1.37 to 1.08 ps/(nm km) after increasing N chirp from 6 to 18. Another way of tuning the chromatic dispersion for HCG-HW is adjusting the waveguide core height, as it can efficiently control the degree of interaction between the guided mode and HCGs on the wafer. Fig. 8(b) shows chromatic dispersion as a function of wavelength from 1450 to 1600 nm for different waveguide core height with fixed grating period number in the core region ðN core ¼ 3Þ and in the chirped region ðN chirp ¼ 12Þ. As one can see, the dispersion at 1550 nm increases from 0.5 to 4.5 ps/(nm km) by decreasing the waveguide core height from 7 to 3 m. Consequently, we can partially control the total dispersion of HCG-HW by adjusting the waveguide parameters for different applications. Furthermore, an advanced grating profile might be able to extend the tailorability of the dispersion.
For many on-chip applications, a linear transfer function is highly desired to prevent the optical wave from being distorted. HCG-HWs can potentially achieve this characteristic. From Fig. 9(a) , we can see that the nonlinear coefficients at 1550 nm are on the order of 10 À5 =W/m and decrease with the effective core width because a larger core width provides better light confinement in the hollow air region. This results in less interaction between the field and nonlinear materials. For a HCG-HW with N eff core ¼ 21, a nonlinear coefficient as low as 5:5 Â 10 À5 =W/m is achieved. The wavelength dependence of the nonlinear coefficient for chirped HCG-HW is shown in Fig. 9(b) . The nonlinear coefficient of the chirped HCG-HW increases one order of magnitude as wavelength increases from 1500 to 1600 nm. This is because with increased wavelength, the mode is confined tighter and, thus, more interaction with the silicon grating in the transverse direction. Moreover, one can see that increasing the chirped gratings can reduce the nonlinear coefficient, which is due to the reduced leakage through the core/cladding interface.
Conclusion
In conclusion, we propose and simulate a 3-D chirped HCG-HW. Simulation shows that HCG-HW possesses novel waveguiding properties due to its unique light confinement mechanism. The chirping profile of the grating is optimized to achieve low propagation loss. By adding adiabatically chirped gratings, one can significantly ð9 10ÂÞ reduce the mode leakage through the interface between the core and cladding without compromising the lateral index contrast. A propagation loss as low as 0.04 dB/cm can be achieved using HCG-HW with a $ 23-m core width and a $ 6-m core height. The 3-D chirped HCG-HW also exhibits a 30-and 141-nm bandwidth for G 0.1-and G 1-dB/cm propagation loss, respectively. For a chirped HCG-HW ðN core ¼ 3; N chirp ¼ 18Þ, G 0.1-dB/cm loss can be achieved with 2-m core height tuning over 20-nm bandwidth. The chromatic dispersion of HCG-HW can be partially controlled by adjusting the waveguide parameters. Furthermore, it can potentially provide an on-chip medium with ultralow nonlinearity ð$10 À5 =W/mÞ.
